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Abstract: Entangled metallic wire material (EMWM) can be utilized as a novel elastic element in vibration
isolation devices for mechanical actuators. This paper presents a vibration experiment aimed at investigating
the degradation behavior of mechanical performance in EMWM under cyclic compressive environment. An
electric vibration testing system, coupled with an isolation structure, is employed to apply compressive loads
to the EMWM specimens. Through visual observations and quasi-static compression tests, the variations in
geometric morphology and mechanical properties are studied, considering different relative densities and
stress amplitudes. The results incidate a significant reduction in the compressed dimension of the specimens
as the number of cycles increases, without any wire fractures or wear. Moreover, the mechanical properties
exhibit an increasing secant modulus and a decreasing loss factor. These variations ultimately lead to a gradual
deviation of the vibration characteristics of the isolation structure from its design state. To predict the
mechanical property degradation of EMWM, prediction models are proposed, incorporating dimension,
modulus and damping by fitting the obtained results. This research provides valuable experimental data and
presents an effective method to determine the operational lifetime of vibration isolators utilizing EMWM.

Keywords: entangled metallic wire material;, vibration experiment; cyclic compressive loads;
mechanical property degradation; prediction model

1. Introduction

The external actuators of aerospace crafts and submersibles are subjected to continuous, severe
fluid and mechanical excitations, where thinwalled components are prone to vibration fatigue failure
[1,2]. To address this issue, it is common to design vibration isolation devices to reduce the stress and
deformation of the actuators. In some demanding engineering vibration environments, traditional
silicone rubber isolators exhibit drawbacks such as poor tolerance to high and low temperatures and
susceptibility to aging [3]. Some researchers have developed elastic elements in isolators using
entangled metallic wire material (EMWM) as a substitute for silicone rubber. Entangled metallic wire
material is a functional porous material produced through winding, stretching, weaving, molding,
and post-processing of metallic wires [4]. Within the material, numerous metallic wires interlock,
connect, and mesh together, creating a significant volume of voids [5,6]. When subjected to loads, the
metallic wires undergo bending deformation, resulting in compression and dry friction between the
wires. This unique behavior imparts excellent elastic (Young's modulus between 0.1 to 50 MPa) and
damping properties (loss factor between 12% and 26%) to EMWM [7-9] due to its relative density.
With its notable advantages such as high and low-temperature resistance, corrosion resistance,
radiation resistance, and the ability to tailor its mechanical properties through process parameters,
EMWM offers a broader range of engineering applications compared to traditional rubber materials
[10,11]. For instance, researchers have successfully utilized EMWM in areas such as vibration
isolation and damping [2,12,13], energy absorption [14-16], sound absorption and noise reduction
[17,18], and biomedical implants [19,20]. In these applications, EMWM is often employed as a
replaceable component that requires periodic replacement [21]. However, the determination of
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EMWM's service lifetime lacks established design criteria, and currently, failure is typically
recognized only when changes in its mechanical properties are observed through experiments [22].

To address the issues of damage, failure, and durability of EMWM in engineering applications,
extensive research has been conducted [23,24]. For instance, under high-amplitude tensile and
compressive cyclic loads, EMWM primarily experiences wire wear and fatigue failure, resulting in
the generation of significant amounts of debris and broken wires observed after experiments.
Scanning electron microscopy reveals evident abrasion marks and fracture surfaces on the internal
surfaces of the metallic wires [25,26]. Under torsional loading, EMWM undergoes hardening, and the
combined action of normal and shear stresses leads to 45-degree cracking in the specimens [27].
Under sustained static loads, the contact status of the internal metallic wires in EMWM undergoes
changes, leading to alterations in macroscopic geometric dimensions and mechanical properties. If
the strain values induced by the static load are small (less than 10% strain), EMWM does not
experience mechanical failure [28].

The application of EMWM in the field of vibration isolation involves the design of various
isolator configurations [29-31]. These isolators aim to significantly reduce vibration transmission
rates by adjusting the natural frequency of the isolated system through the flexible support provided
by elastic components. Due to the cold-press forming process, the tensile and shear strengths of
EMWM are generally low, making it suitable for withstanding compressive cyclic loads [32,33].
Currently, the dynamic characteristics of EMWM isolators have been studied by many researchers
[34-36]. However, there is limited literature on the degradation behavior of mechanical property and
expected lifetime of EMWM.

This paper presents an investigation on the degradation behavior of mechanical properties in
EMWM specimens under cyclic compressive loads using an electric vibration testing system. The
specimens are mounted within a typical vibration isolaton structure, thereby allowing for an accurate
replication of the vibration environment experienced during testing. The degradation behavior is
analyzed based on dimension measures and quasi-static compression tests, and prediction models
are developed. The organization of this paper comprises six sections. Section 1 is the introduction,
providing an overview of the research. Section 2 briefly introduces the EMWM specimens employed
in the experiment. Section 3 introduces the methods of vibration experiment and quasi-static
compression test. Section 4 presents the experimental results and discussions, encompassing the
variations in vibration characteristics of the isolation structure, geometries, secant modulus, and loss
factor of the EMWM specimens. Section 5, prediction models for properties degradation, aimed at
predicting operational lifetime, are presented. These models are developed through the fitting of
experimental data. Section 6 concludes the paper, summarizing the degradation behavior of
mechanical properties in EMWM under vibration environment.

2. Material and specimens

The metallic wires used in the production of EMWM were supplied by Anping Risheng Wire
Mesh Ltd., in Hengshui, China. These wires are made of stainless steel, specifically the grade
0Cr18Ni9. The manufacturing process of EMWM specimens followed the procedures as illustrated
in Figure 1. Initially, the metallic wires were tightly wound to form closely spaced helixes using a
wire winding machine. Subsequently, the helixes were stretched into spiral coils according to the
predetermined pitch parameter. These coils were then woven together manually to create a blank.
Finally, the blank was cold-pressed into EMWM specimens of the desired shape using molds and a
press machine.

To maintain the geometrical characteristics typically applied in vibration isolators, the EMWM
specimens in the experiments were manufactured into a hollow cylindrical shape with an outer
diameter of 37 mm, an inner diameter of 18 mm, and a height of 15 mm, as illustrated in Figure 2.
These EMWM specimens were designed to be representative of the mechanical characteristics due to
their nominal size being more than 10 times the helix diameter, as proposed in Reference [37]. The
dimensions allow the specimens to accommodate a significant number of coiled wires and minimize
the influence of boundary layers.
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Figure 1. The manufacturing procedures of EMWM.
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Figure 2. The geometric parameters of EMWM specimens.

For the vibration experiment, the EMWM specimens were divided into two groups to investigate
the influence of different relative densities and stress amplitudes on mechanical property
degradation. The manufacturing parameters used for the EMWM specimens are presented in Table
1. A pair of specimens (labeled with pair number) was utilized in a single vibration experiment and
three pairs of specimens were manufactured with the same set of parameters to minimize random
errors. Group 1, consisting of specimens A1-3, B1-3, and C1-3, was employed to investigate the
influence of relative density. Group 2, consisting of specimens B1-3, D1-3, and E1-3 with the same set
of parameters, was used to investigate the influence of stress amplitude.

Table 1. The manufacturing parameters of the EMWM specimens.

Pair .ere 'Hellx Pitch Relative Forming 'Inner O uter Height Mass
Group diameter diameter . pressure diameter diameter
number (mm) (mm) (mm) density (MPa) (mm) (mm) (mm) (g)

Al 0.10 1.1 1.1 0.10 11.57 17.97 37.04 15.11 9.73
A2 0.10 1.1 1.1 0.10 11.57 17.86 37.01 15.15 9.71
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A3 0.10 1.1 1.1 0.10 11.57 17.93 37.05 15.20 9.71
Bl 0.10 1.1 1.1 0.20 29.85 17.99 37.08 1514 1947
B2 0.10 1.1 1.1 0.20 29.85 18.00 37.08 15.05 1947
B3 0.10 1.1 1.1 0.20 29.85 17.89 37.05 1510 19.46
C1 0.10 1.1 1.1 0.25 48.74 17.92 37.06 1513  24.30
C2 0.10 1.1 1.1 0.25 48.74 17.84 37.02 15.05 24.34
C3 0.10 1.1 1.1 0.25 48.74 17.92 37.02 1525 2431
D1 0.10 1.1 1.1 0.20 29.85 17.92 37.01 1514 1945
D2 0.10 1.1 1.1 0.20 29.85 17.99 37.00 1514 1943
D3 0.10 1.1 1.1 0.20 29.85 17.87 37.04 1522 19.45
2 El 0.10 1.1 1.1 0.20 29.85 18.00 37.05 15.04 1947
E2 0.10 1.1 1.1 0.20 29.85 17.94 37.05 1512 1943
E3 0.10 1.1 1.1 0.20 29.85 17.91 37.02 1525 19.46

Relative density Pr s a critical design parameter that significantly affects the mechanical
properties of EMWM. It quantifies the volume fraction of coiled wires within the entire specimen and
is defined by Equation (1). Some literature also uses the term "porosity" to describe the porous
characteristics of EMWM.

=pEMWM — M

pr
pwire pwirev

M

where, P represents the actual density of EMWM. Pire represents the density of the metallic
wires material. M and V represent the mass and volume of the specimen, respectively. Stress

amplitude §, as described in the following Section 3.1, is a mechanical parameter utilized in the
vibration experiment.

3. Experimental methods

3.1. Vibration experiment of the isolation structure

A vibration isolation structure was designed to replicate the working conditions of general
isolators for subjecting the EMWM specimens to identical vibration environment, as illustrated in
Figure 3a. A pair of EMWM specimens with the same parameter set were tested within the isolation
structure. The components of the isolation structure, from top to bottom, included a mass block,
threaded rod, upper plate, specimen 1, middle plate, specimen 2, lower plate, and base. The
installation state of an EMWM specimen onto the threaded rod and plate is illustrated in Figure 3b.
An auxiliary tool was used to align the central axis of the specimen with the threaded rod. During
the installation process, the threaded rod and nut were tightened to achieve an initial compression
deformation of the EMWM specimens, ensuring no loosening during the experiment. The initial
deformation was set at 0.5 mm, controlled by the distance between the upper plate to the lower plate.
The isolation structure maintained the EMWM specimens in a compressed state throughout the
vibration experiment, consistent with the stress state in a general isolator. When the mass block
induced a downward displacement relative to the threaded rod, the upper specimen (specimen 1)
underwent compression. When the mass block induced an upward displacement, the lower specimen
(specimen 2) underwent compression.
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Figure 3. (a) The vibration isolation structure to install a pair of EMWM speciems; (b) Installation state
of an EMWM specimen onto the threaded rod and plate.

The vibration experiments were conducted using the DC-1000-15 /SV-0606 electric vibration
testing system provided by Sushi Experimental Instrument Co., Ltd., Suzhou, China. The
experimental setup for the vibration experiment is illustrated in Figure 4. The isolation structure was
mounted on the vertical vibration platform using four bolts. Two accelerometers were employed to
capture the vibration excitation signal and response signal of the isolation structure. Accelerometer 1
was attached to the vibration platform. Accelerometer 2 was attached to the top of the mass block.

The platform generated vertical vibration, and the frequency and amplitude were controlled by a
computer.

TRl | | B3 i
l r' 1 | 1{ ‘ (o 8 Il Accelerometer 2
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Figure 4. The vibration experiment setup, including the electric vibration testing system and the
isolation structure of EMWM specimens.

The isolation structure can be simplified as a single-degree-of-freedom vibration system, as
illustrated in Figure 5a. The compression cycles in the vibration experiment were carried out using a

stress-controlling method, with the compressive force F(1) exerted on the EMWM specimens was
calculated as follows:

F(t)=m(ii, (t)—ii, (1)) 2)

doi:10.20944/preprints202309.1944.v1
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where, " represents the mass of the mass block. i (1) and " (1) represent the acceleration of the
vibration platform and the mass block, respectively, as measured by the accelerometers. The stress

amplitude § was calculated using the following equation:

o(t)=F(t)/ A S=max(c(r)) 3)
where, o (1) represents the compressive stress during the loading cycles. 4 represents the cross-
sectional area of the EMWM specimen. As specimen 1 and 2 were exclusively designed to endure

compressive forces in both the initial and operational states, the EMWM specimens underwent semi-
sinusoidal compression cycles, as illustrated in Figure 5b.

1.5

— Relative density 0.10, frequency 32 Hz
— Relative density 0.20, frequency 42 Hz
— Relative density 0.25, frequency 48 Hz

S R AC I
4
g 0.5 H
k |::| c
() ool
0.00 0.2)2 0‘64 0.66 0.I08 0.10
Time /s
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Figure 5. (a) Dynamic model of the vibration isolation structure; (b) the semi-sinusoidal compression
cycles exerted on the EMWM specimens.

Before the vibration experiment on the EMWM specimens, the frequency-response
characteristics curve of the isolation structure was measured using accelerometers, as illustrated in
Figure 6. The resonance frequencies for EMWM specimens with relative density of 0.10, 0.20, and 0.25
were determined to be 32 Hz, 42 Hz, and 48 Hz, respectively. In the vibration experiment, semi-
sinusoidal compression cycles were applied to the EMWM specimens at the resonance region to
accelerate the pace of the experiment. Three levels of excitation amplitude were applied to the
isolation structure by controlling the electric vibration testing system. The compressive stress
amplitudes of 0.3 MPa, 0.7 MPa, and 1.0 MPa were calculated using Equation (2) and (3). After a
specified number of compression cycles, the isolation structure was disassembled. The dimensions
of the EMWM specimes were then measured using a vernier caliper. The measurement of the
mechanical properties, including secant modulus and loss factor, was conducted using quasi-static

6
tests. The measurements of dimensions and mechanical properties were taken at intervals of 10

7
compression cycles during the vibration experiment, until a total of 10 cycles.
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Figure 6. The frequency-response characteristics curve of the vibration isolation structure.

3.2. Quasi-static compression test

The quasi-static compression tests were conducted using the WDW3100 microcomputer-
controlled electronic universal testing machine provided by Changchun Kexin Experimental
Instrument Co., Ltd., Changchun, China. The experimental setup consisted of a force sensor, dial
gauge, pressure plate and base, as illustrated in Figure 7. Prior to and following the vibration
experiments of the isolation structure, quasi-static compression tests were performed with a
maximum compressive force of 100 N to evaluate the variations in modulus and damping after a
specified number of cyclic loads.

WDW3100
universal testing ‘ Force
machine ; sensor

Pressure
plate

EMWM
specimen

Figure 7. The experimental setup of the quasi-static compression test.

At low compressive forces (e.g., 100 N, as employed in this work), the compression strain is
small and the stress-strain relationship of EMWM remains in the linear phase. The elastic property

of EMWM is described using the secant modulus E, , which is defined as follows:

g Ao _AF/A
" Ae AL/L

4)

where, Ao represents the stress variation. Ag represents the strain variation. AF represents the
maximum compressive force. 4 represents the cross-sectional area of the specimen. AL represents
the maximum compression deformation. L represents the initial height of the specimen.


https://doi.org/10.20944/preprints202309.1944.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 September 2023 doi:10.20944/preprints202309.1944.v1

Due to the friction and irreversible deformation between the internal metallic wires, the stress-
strain curves during loading and unloading of EMWM do not coincide, resulting in a hysteresis loop,
as illustrated in Figure 8.

Stress

Strain

Figure 8. Schematic stress-strain curves of quasi-static compression.

The damping property of a dynamic system with energy dissipation can be quantified using the
loss factor ', defined by Equation (5). It represents the damping performance of EMWM.

_aw

U ©)

where, AW represents the dissipated energy, illustrated as the area enclosed by the loading and

unloading curves (red shaded region in Figure 8). U represents the maximum elastic potential
energy, illustrated as the projected area of the midline of the loading and unloading curves (blue
shaded region in Figure 8). 7 represents the mathematical constant “Pi”. Since a pair of EMWM
specimens were tested simultaneously in each vibration experiment, the final results of secant
modulus and loss factor were averaged from the two specimens.

4. Results and discussion

4.1. Vibration characteristics of isolation structure

After a certain number of compression cycles, the resonant frequency and transmission rate at
resonance of the isolation structure were measured through frequency sweep experiments. The

tr

transmission rate was calculated using the acceleration parameters illustrated in Figure 5a,

according to the following equation:

tr =ii, (1) /i, (1) (6)

where, i (1) and & (7) represent the acceleration of the vibration platform and the mass block,
respectively. The results indicate that the resonant frequency and transmission rate of the isolation
structure decrease with an increasing number of compression cycles. These observations are
illustrated in Figures 9 and 10, respectively. It is noteworthy that EMWM specimens with lower
relative density exhibit a more rapid deviation of the isolation structure from its designed mechanical
performance, consequently shortening the operational lifetime.
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Figure 9. Resonance frequency of isolation structure with specimens of different relative densities.
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Figure 10. Resonance transmission rate of isolation structure with specimens of different relative
densities.

4.2. Geometries and dimensions

Following the completion of compression cycles, the EMWM specimens were extracted from the
isolation structure to visually inspect their geometric and morphological features. The appearance of

the EMWM specimens with different relative densities, after 10’ compression cycles, are shown in
Figure 11. The specimens retained their cylindrical shape, with minimal alterations in cross-sectional
dimensions. No fractures or significant wear of the metallic wires were observed on the surface of
the EMWM specimens. However, a noticeable decrease in height along the compression direction
was evident, accompanied by the occurrence of gaps within the isolation structure. This finding
indicates that the vibration environment induces irreversible deformation in the compression
direction of EMWM specimens.
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Figure 11. Visual appearance of specimens after the vibration experiment: (a) specimen A3, (b)
specimens with different relative densities.

Additionally, computed tomography (CT) scanning was performed on the specimens to
generate a three-dimensional structure, as shown in Figure 12. The continuity of the metallic wires
within the EMWM specimens was confirmed using the search algorithm described in Reference [38],
and no wire fractures were detected. This finding suggests that the the primary failure mode of the
EMWM was irreversible deformation in the compression direction rather than fracture, fatigue or
wear of the metallic wires.

7

Figure 12. The three-dimensional structure of specimen A3 obtained by CT scanning.

The influence of relative density and stress amplitude on the variation in specimen height is
illustrated in Figure 13. It is evident that increasing the relative density leads to a decrease in height
deformation, while increasing the stress amplitude results in an increase in specimen height
reduction.
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Figure 13. The variation of specimen height: (a) for different relative densities, stress amplitude 0.3
MPa, (b) relative density 0.25, under different stress amplitudes.

To facilitate the normalized description of the height variation in EMWM specimens, the height

variation rate V' is defined as follows:
‘//h:(hzv_ho)/ho (7)

where, hy represents the initial height of the EMWM specimen. iy represents the height after N
compression cycles. The height variation rates for different relative densities and stress amplitudes
are illustrated in Figure 14. The shape of these curves can be approximated as a bilinear function.
Initially, the height variation rate exhibits a rapid increase with the number of compression cycles
until it reaches a specific threshold value. Subsequently, the rate of increase in the height variation
rate significantly slows down or remains nearly constant.

0.25 - 0141
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Figure 14. The height variation rates of specimens: (a) for different relative densities, (b) under
different compressive stress amplitudes.

4.3. Quasi-static mechanical properties

Following the dimensional measurements, the quasi-static compression tests were conducted to
determine the mechanical properties of the EMWM specimens, including the secant modulus and
loss factor. The influence of relative density and compressive stress amplitude was also investigated.
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4.3.1. Secant modulus

The secant modulus of the EMWM specimens, tested under a compressive force of 100 N, after
a specified number of compression cycles is presented in Figure 15. The results indicate a significant
increase in the secant modulus with an increasing number of compression cycles. However, once the

cycle number reaches a threshold value of approximately 106, the secant modulus stabilizes at a
relatively constant level. It is noteworthy that the EMWM specimens with different relative densities
exhibit different initial secant modulus values. However, after undergoing a sufficient number of
compression cycles, their secant modulus converge and become nearly equal. Furthermore, when
subjected to higher compressive stress amplitudes, both the stabilizated secant modulus and its rate
of change during the initial stage exhibit larger values.

6 6
5k 5k
= =
¥ &4l
= s
72] v
= =
= B3
= 2
] S
= =
~— ~— 2+
: g
é 1+ Relat%ve dens%ty 0.10 % 1L —a— Stress amplitude 0.3 MPa
—e—Relative density 0.20 —e— Stress amplitude 0.7 MPa
oL . ) | Relatlwe dens1lty 025 —a— Stress amplitude 1.0 MPa
0 2 4 6 8 10 12 0 0 2 4 [ 8 10 12
Number of compression cycles (x10°) Number of compression cycles (x10°)
(a) (b)

Figure 15. The variation of secant modulus: (a) for different relative densities, stress amplitude 0.3
MPa, (b) relative density 0.25, under different stress amplitudes.

Considering the differences in initial secant modulus, the variation of the secant modulus in

EMWM specimens can be described using a normalized approach. The modulus variation rate ¥
is defined as follows:

Ye = (Es,N -E, ) E,, ®)

where, Eyo represents the initial secant modulus of the EMWM specimen. Ev represents the

secant modulus after v compression cycles. The modulus variation rates for different relative
densities and stress amplitudes are presented in Figure 16. Compared to Figure 15a, the values of
stabilized modulus variation rate in Figure 16a exhibit varying levels for the EMWM specimens with
different relative densities. Additionally, an approximate bilinear function can also be observed from
these figures.
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Figure 16. The modulus variation rates of specimens: (a) for different relative densities, (b) under

different compressive stress amplitudes.

4.3.2. Loss factor

The loss factors of EMWM specimens after a specified number of compression cycles are
presented in Figure 17. The results indicate a significant decrease in the loss factor with an increasing
number of compression cycles. However, once the cycle number reaches a threshold value of

approximately 10° , the rate of decrease slows down and eventually stabilizing within a range of
0.13-0.18. It is noteworthy that the EMWM specimens with higher relative density exhibit lower initial
and stabilized loss factor. Furthermore, when subjected to higher compressive stress amplitudes, the
loss factor decreases at a faster rate and reaches a smaller value after stabilization.
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Figure 17. The variation of loss factor: (a) for different relative densities, stress amplitude 0.3 MPa, (b)
relative density 0.25, under different stress amplitudes.
Similar to the secant modulus, the variation of the loss factor in EMWM specimens can be

described using a normalized approach. The damping variation rate Yn is defined as follows:
v, = (1t =10) /0o 9)

where, o represents the initial loss factor of the EMWM specimen. Iy represents the loss factor

after NV compression cycles. The damping variation rates for different relative densities and stress
amplitudes are presented in Figure 18. The increase speed of damping variation rate gradually
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decreases with the number of compression cycles, resulting in an approximate polynomial function
shape of the curves.
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Figure 18. The damping variation rate of the specimens, (a) for different relative densities, (b) under
different compressive stress amplitudes.

5. Prediction models of properties degradation

For the design of vibration isolators, resonance frequency and transmission rate are critical
dynamic parameters. If the deviation from their design values exceeds a certain threshold, the
vibration isolator will fail. The experimental results in Section 4 demonstrate that the dimensions in
the compression direction, secant modulus, and loss factor of EMWM undergo changes with the
number of compression cycles. These changes can lead to gaps between components. Even after
reassembly, the increased modulus can cause the natural frequency to deviate from the design
frequency. The decrease in the loss factor can also result in increased vibration amplitudes of the
isolated equipment. Therefore, monitoring the operational lifetime of EMWM is crucial when using
it as an elastic element in vibration isolators. In this section, we present prediction models including
dimension, modulus, and damping for the degradation of EMWM properties under compressive
vibration environments. These models utilize the variation rates of the properties obtained from the
vibration experiments and fit them to mathematical formulas.

5.1. Dimension prediction model

The experimental results present in Figure 14 incidate that the curves of height variation rate
exhibit an approximately linear segment and a plateau segment with an increasing number of
compression cycles. These observations can be effectively described by employing a bilinear
mathematical model to predict the height of EMWM specimens. A threshold value is introduced as

the pivotal point, with the corresponding number of compression cycles being approximately 10°,
Hence, the fundamental expression of the dimension prediction model can be formulated as follows:

=bN, 0S N <N’
{ v, h (10)

l//h:l//I?’N}?SN

where, ¥ represents the height variation rate of the specimen. N represents the number of

0
b represents the slope of the linear segment. ¥ represents the threshold

compression cycles.
0

6
value. Vi represents the number of compression cycles of the threshold value, close to 10"
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6
When 0N <10" 3 Jinear fitting method is employed to fit the experimental data of height
variation rates. The slopes b corresponding to different combinations of relative density and stress

amplitude are obtained, as present in Table 2.

Table 2. The slope b for the linear segment of height variation rate.

Relative Stress
Number density amplitude Slope
P, 5 (vpa)
1 0.10 0.3 0.2450
2 0.20 0.3 0.0934
3 0.25 0.3 0.0849
4 0.25 0.7 0.1144
5 0.25 1.0 0.1411
(p..5.b)

These data points are used to establish a functional expression for the slope b Based

on the trends, we assume that the slope b hasa power function relationship with relative density
Pr and stress amplitude S, expressed as follows:
b=m-p" 5" (11)
where, g , M and "™ are all fitting coefficients. The values of these fitting coefficients are
obtained through the least squares fitting method, resulting in:
b=0.03xp,"*? xS* (12)

0
The threshold value ¥’ can be calculated by averaging the height variation rates Vi above

10° compression cycles, as present in Table 3.

0
Table 3. The threshold value ¥ of height variation rate.

Relative Stress Threshold
Number density amplitude value
P S (MPa) v,
1 0.10 0.3 0.2080
2 0.20 0.3 0.0971
3 0.25 0.3 0.0836
4 0.25 0.7 0.1058
5 0.25 1.0 0.1289
(p,-8.1)

These data points are used to establish a functional expression for the threshold
0 0
value ¥» . Based on the trends, we assume that the threshold value ¥ has a power function

relationship with relative density Pr and stress amplitude S, expressed as follows:

vi=p-p-S" (13)
where, 1, P> and P35 are all fitting coefficients. The values of these fitting coefficients are
obtained through the least squares fitting method, resulting in:

'//2 — 0.03Xp71A03 % SOA37 (14)

(3

By combining Equation (10), (12) and (14), we obtain the final dimension prediction model for
EMWM specimens:
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w,=bN, 0SN<N;
Vi =y Ny <N
b=0'03xpr—].22><50.47 (15)
‘//0 _ O 03Xp -1.03 ><510.37
h T r
NY =yl b

where, the unit of N js 106.The unitof S is MPa.

The comparison between experimental and fitting results for different relative densities and
stress amplitudes is shown in Figure 19. It indicates that the model curves match well with the
experimental results, demonstrating that the dimension prediction model can accurately predict the
height variation of EMWM under vibration environment.
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Figure 19. Comparison between the dimension prediction model and experimental results: (a) for
different relative densities, (b) under different compressive stress amplitudes.

5.2. Modulus prediction model

The experimental results present in Figure 16 indicate that the trend of secant modulus variation
is similar to that of height. Therefore, the same bilinear mathematical model is used to formulate the
modulus prediction model. The fundamental expression is as follows:

(16)

w,=cN, 0O<N <N,
!//E:l//g’ NESN

where, V* represents the modulus variation rate of the specimen. N represents the number of

0
compression cycles. ¢ represents the slope of the linear segment. ¥£ represents the threshold
0
value. Ve represents the number of compression cycles of the threshold value, close to 10°
6

When 0N =10" 4 jinear fitting method is employed to fit the experimental data of modulus
variation rate. The slopes ¢ corresponding to different combinations of relative density and stress
amplitude are obtained, as present in Table 4.

Table 4. The slope € for the linear segment of modulus variation rate.

Relative Stress
Number density amplitude Slope
Pr S (MPa)
1 0.10 0.3 3.8560

2 0.20 0.3 1.1385
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3 0.25 0.3 0.4676
4 0.25 0.7 0.7842
5 0.25 1.0 1.2325
(pr > S’ C)

These data points are used to establish a functional expression for the slope ¢ .Based
on the trends, we assume that the slope ¢ has a power function relationship with relative density

Prand stress amplitude S, expressed as follows:

c=n-p*-S" 17)
where, "', ™ and ™ are all fitting coefficients. The values of these fitting coefficients are obtained
through the least squares fitting method, resulting in:

c=0.05x p > x §* (18)

0
The threshold value Y= can be calculated by averaging the modulus variation rates Ve above

10° compression cycles, as present in Table 5.

0
Table 5. The threshold value ¥ of modulus variation rate.

Relative Stress Threshold
Number density amplitude value
P S5 (MPa) v
1 0.10 0.3 2.8639
2 0.20 0.3 1.2417
3 0.25 0.3 0.4860
4 0.25 0.7 0.6374
5 0.25 1.0 1.1874
(p..S.v1)

These data points are used to establish a functional expression for the threshold
0 0
value ¥ . Based on the trends, we assume that the threshold value ¥ has a power function

relationship with relative density Pr and stress amplitude § , expressed as follows:
wp=q,-pP-S" (19)

where, %, © and % are all fitting coefficients. The values of these fitting coefficients are obtained

through the least squares fitting method, resulting in:
wy =0.08x o "% x §°% (20)

By combining Equation (16), (18) and (20), we obtain the final dimension prediction model for
EMWM specimens:

w,=cN, 0SN<N,
V/E:l//g’ NgSN

c= 0'05>< pr72.21 x S0.60 (21)
WO _ 0 ngp -1.83 x SOA43

E — Y r
Ny =yplc

where, the unit of N i 106.The unit of 5 is MPa.
The comparison between experimental and fitting results for different relative densities and
stress amplitudes is shown in Figure 20. It indicates that the model curves match well with the
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experimental results, demonstrating that the modulus prediction model can accurately predict the
secant modulus variation of EMWM under vibration environment.
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Figure 20. Comparison between the modulus prediction model and experimental results: (a) for
different relative densities, (b) under different compressive stress amplitudes.

5.3. Damping prediction model

The experimental results shown in Figure 18 incidate that the curves of damping variation rate
exhibit the charactistics of exponential characteristics with an increasing number of compression
cycles. These observations can be effectively described by employing a exponential function model
to predict the damping of EMWM specimens. Hence, the fundamental expression of the damping
prediction model can be formulated as follows:

v, =d,(1-¢"") (22)

where, ¥ represents the damping variation rate of the specimen. N represents the number of

compression cycles. 4 and % represent the fitting coefficients. The fitting coefficient 4 and %

corresponding to different combinations of relative density and stress amplitude are obtained, as
present in Table 6.

Table 6. The coefficient d, and d, of the exponential function.

Relative Stress . Coefficient
] . Coefficient
Number density amplitude p d,
P 5 (MPa) 1
1 0.10 0.3 0.4258 -1.2213
2 0.20 0.3 0.3085 -0.4680
3 0.25 0.3 0.3563 -1.0453
4 0.25 0.7 0.2847 -0.6333
5 0.25 1.0 0.2740 -1.0896
These data points ('D ”S’d‘) and (p ”S’dZ) are used to establish a functional expression for

the fitting coefficients d, and d2. Based on the trends, we assume that the fitting coefficients d,

and %> have a power function relationship with relative density Pr and stress amplitude 5,
expressed as follows:
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dy=s-p; -8 (23)

d,=t,-p=>-8" (24)

where, *1, % and % are fitting coefficients for d'. t', Loand B are fitting coefficients for dz.The

values of these fitting coefficients are obtained through the least squares fitting method, resulting in:

d, =0.19x p " x §O8 (25)

dy =—=0.44x p;" x §°% (26)

By combining Equation (22), (25) and (26), we obtain the final damping prediction model for
EMWM specimens:

l//'] = dl (l_edz.N)
dl — 0'19Xp;0,26 >(ASvf(llS (27)
d, =-0.44x p "7 x §°%

where, the unit of N g 10° . The unit of N is MPa.

The comparison between experimental and fitting results for different relative densities and
stress amplitudes is shown in Figure 21. It indicates that the model curves match well with the
experimental results, demonstrating that the damping prediction model can accurately predict the
loss factor variation of EMWM under vibration environment.
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Figure 21. Comparison between the damping prediction model and experimental results: (a) for
different relative densities, (b) under different compressive stress amplitudes.

6. Conclusions

This paper focuses on investigating the degradation behavior of mechanical properties in
entangled metallic wire materials (EMWM) under compressive vibration environment. A series of
experiments were conducted using pairs of EMWM specimens installed in a vibration isolation
structure, subjected to cyclic compression. The vibration characteristics of isolation structure is
studied by spectral analysis. The geometric and morphological features of EMWM are examined by
visual inspection and CT scanning. The mechanical properties of EMWM are examined by quasi-
static compression tests. The main findings and conclusions of this work are listed as follows:
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(1) The resonant frequency and transmission rate of the isolation structure showed a clear
decrease as the number of compression cycles increased. The mechanical property degradation of
EMWM resulted in a deviation from the intended performance of vibration isolators.

(2) The dimension in the compressed direction of EMWM experienced a noticeable decrease and

stabilized when the cycle number reached a certain threshold, approximately 10° No wire fractures
or significant wear were observed on the surface or inside the specimens. The reduction in dimension
may be attributed to changes in the contact status and slight slipping between the internal wires.

(3) The secant modulus exhibited a significant increase, while the loss factor decreased as the
number of compression cycles increased. Once the cycle number reaches a threshold value of

approximately 10° | these parameters stabilized at relatively constant values. The values of these
properties were influenced by the relative density and stress amplitude.

(4) Prediction models for properties degradation, including the dimension, modulus, and
damping, were developed based on fitting the experimental data. These models can accurately
predict the variation of mechanical properties in EMWM specimens under vibration environment.
They provide valuable insights for designing vibration isolators with EMWM and determining their
operational lifetime.
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